ABSTRACT: Eutrophication in coastal areas promotes blooms of green macroalgae that accumulate on the sediment, affecting the exchange of mass and energy at the sediment -water interface. The effects of macroalgal blooms on the microbenthic net metabolism and on the carbon and nitrogen contents of the sediment were studied during an in situ experiment. Two sediment enclosures (with and without macroalgae) of 1.5 × 1. ). This relatively low macroalgal biomass always suppressed the photosynthetic activity of microphytobenthos, decreased the oxygen availability for the sediment and reduced the oxygen penetration depth in the light and in the dark. The microbenthic community metabolism clearly shifted to heterotrophic, while the photoautotrophic activity was located in the macroalgal canopy. This macroalgal mat was net autotrophic, and more productive than the microphytobenthic community inhabiting the bare sediment. Part of the macroalgal production was buried in the sediment, increasing its carbon and nitrogen contents with respect to bare sediment during all seasons except spring. Concentrations of inorganic nutrients in the sediment were always higher below the macroalgal mat than in bare sediment, likely due to a direct input of inorganic nitrogen and phosphate associated with macroalgal debris. 
INTRODUCTION
Eutrophication promotes blooms of green macroalgae in estuaries and other shallow environments, which then tend to accumulate on the sediment in large amounts (Valiela et al. 1997) . Ulva spp., including the former genera Enteromorpha (Hayden et al. 2003) and Cladophora are the dominant taxa, probably because of their rapid growth rates under high nutrient loading (Valiela et al. 1997) . Macroalgal blooms are a widespread phenomenon that affects ecosystem structure and function in different ways. They have been shown to negatively affect other benthic communities like seagrass beds (Den Hartog 1994) , microbenthic communities (Sundbäck et al. 1990 (Sundbäck et al. , 1996 and macrofauna (Norkko & Bonsdorff 1996) . Major and more obvious effects are due to light attenuation for underlying photosynthetic communities and the generation of hypoxic or anoxic conditions. This leads to the production and accumulation of hydrogen sulphide in dense macroalgal mats and in the sediment below the mat (Nedergaard et al. 2002 , Lomstein et al. 2006 .
In estuaries and shallow water bodies, the sediment plays an important role in local biogeochemical cycles. Photosynthetic activity of microphytobenthos may account for a large portion of the total primary production in these environments (MacIntyre et al. 1996) , and therefore represents an important carbon source for benthic heterotrophs (Middelburg et al. 2000) . In addition, biological activities of microbenthos play an important role in the oxygen and nutrient availability of the sediment -water interface affecting the mineralisation of organic matter and the cycling of elements (Risgaard-Petersen 2003) . Growth and deposition of macroalgal blooms at the sediment surface have been shown to affect the microphytobenthos and the nutrient net exchange at the sediment -water interface (Sundbäck et al. 1990 , Lavery & McComb 1991 . This is a particularly complex process because the macroalgal biomass not only represents a large additional source of organic matter, but this biomass is physiologically active as well and is likely to compete with microphytobenthos for light and inorganic nutrients. Moreover, the physiological activity and growth rate of macroalgal blooms change seasonally, and their effects on the net exchange of oxygen and nutrients at the sediment -water interface are likely to change accordingly.
The general aim of the present study was to analyse the effects of blooms of green macroalgae on the intertidal microbenthic community of bare sediment in situ, particularly their biogeochemical consequences. We tested 3 specific hypotheses: (1) macroalgae might inhibit microphytobenthos (MPB) photosynthetic activity, changing the net metabolism of the microbenthic community to net heterotrophic; (2) the expected changes in the net metabolism might affect the rates and pathways of organic matter mineralisation, stimulating anaerobic metabolism like sulphate reduction; and (3) macroalgae are likely to affect the C and N content of intertidal sediments, both directly, being themselves a source of organic and inorganic nutrients for the sediment, and/or indirectly, by affecting relevant processes in the C and N biogeochemical cycles (as a consequence of Points 1 and 2). We show, at microscale, how the presence of macroalgae at the sediment surface alters the net exchange of oxygen at the sediment -water interface and the content of carbon, nitrogen and inorganic nutrients of intertidal sediments by comparing 2 experimental in situ enclosures with and without macroalgae during the 4 seasons. Our contribution represents one of the first in situ experimental studies addressing the effect of macroalgal blooms on the ecology of microbenthos.
MATERIALS AND METHODS
Study site, experimental design of in situ experiments and samples of macroalgae. Measurements were performed on intertidal sediments at the Sancti Petri Channel (36°25' 23.5'' N, 6°12' 53.8'' W, Bay of Cádiz, Spain), from July 2002 to May 2003 (Fig. 1) . The Bay of Cádiz is influenced by a semi-diurnal tidal cycle, with a mean tidal amplitude of 2.2 m. At the sampling site, the sediment was mainly composed of silt and clay, since > 90% of the particles were < 63 µm. During each season (July and November 2002 and February and May 2003) , 2 enclosures (1.5 × 1.5 m 2 , 2 m height) with and without macroalgae were installed at randomly selected locations and maintained for 2 to 3 wk to avoid displacement of macroalgae during the sampling period and therefore possible changes in the environmental conditions of the sediment. The enclosures consisted of a frame of PVC tubes and a plastic netting with a mesh size of 2 cm placed on the sediment. The plastic netting was put only on the sides of the frame, and thus the top and bottom were open. The upper edges of the enclosures were always higher than the height of spring tide. Field work started at least a week after establishment of the enclosures.
The macroalgae consisted mainly of tubular Ulva spp. (the former genus Enteromorpha; Hayden et al. 2003) partially attached to sediment. Biomass density of the macroalgae was determined by cutting out 2 randomly chosen squares of sediment (10 × 10 cm) with a knife. The samples were transported to the laboratory on ice. The macroalgae were washed with seawater from the sampling site, rinsed with filtered seawater (GF/F Whatman) and finally were wiped dry gently with tissue paper. Dry weight (DW) was determined after 24 to 48 h at 60°C.
Inorganic nutrients. Inorganic nutrients (nitrate, nitrite, ammonium and phosphate) were measured in the water column, in the macroalgal biomass and in the sediment. Inorganic nutrients in the water column were determined in triplicate samples collected during day time and high tide at a distance of 1 to 10 m from the enclosures. The samples were transported to the laboratory on ice and were filtered over glass fibre filters (GF/F Whatman) and stored at -20°C until analysis on a Technicon Traacs 800 autoanalyser following standard protocols (Grasshoff et al. 1983) .
Intracellular inorganic nutrients were extracted according to Corzo & Niell (1992) . A Powder of dry, homogenised macroalgae (0.05 g), obtained from the samples taken for biomass density, was incubated in 4 ml of Milli-Q water at room temperature for 2 h. Extracts were centrifuged at 3000 × g for 10 min, and inorganic nutrients were measured in the collected supernatant using a TRAACS-800 autoanalyser.
Freeze-lysable inorganic nutrients in the sediment were measured as follows. Five sediment cores (internal diameter [i.d.] = 1.6 cm) were randomly collected from both enclosures every season. Sediment slices of 1 mm thickness were immediately cut with a razor blade from every core. Slices of the same depth from each enclosure were pooled in a plastic screw-cap tube, frozen in liquid nitrogen and stored at -80°C. The samples were thawed overnight at 1°C and centrifuged for 30 min at 2350 × g and 4°C to extract interstitial water. Nutrient concentrations in the extracted interstitial water were measured using a TRAACS-800 autoanalyser. This method extracts both pore water nutrients and intracellular nutrients from the sediment microbiota (Lomstein et al. 1990 , Sayama 2001 , Ferguson et al. 2004 .
Microelectrode measurements. Sediment cores from both enclosures were collected during low tide with Plexiglas tubes (i.d. = 5.6 cm). They were quickly transported to the laboratory and mounted in a temperature-controlled flow chamber, where microelectrode measurements were performed (Lorenzen et al. 1995) . The chamber was continuously flushed with filtered seawater from the sampling site at in situ temperature and a flow velocity of about 0.5 cm s -1
. Vertical steady-state profiles of oxygen, pH and sulphide were measured with microelectrodes in the cores incubated in the dark and in the light at a constant photon flux density (PFD) of 1000 µmol photons m -2 s -1 (halogen lamp, Novaflex, World Precision Instruments). We checked that photosynthetic activity was saturated at this PFD according to photosynthesis-irradiance curves (results not shown) obtained by pulse amplitude modulated (PAM) fluorimetry (PAM 2000, Waltz) .
Oxygen, pH and sulphide microelectrodes were purchased from Unisense. The oxygen sensors (Revsbech 1989 ) had a tip diameter of 20 to 30 µm, a response time of 0.2 to 0.4 s, and a stirring sensibility < 2%. Linear calibration was performed by considering the well oxygenated overlying water in the flow chamber to represent 100% saturation of O 2 and the anoxic layer inside the sediment to represent 0% saturation. Sulphide and pH microelectrodes had a tip diameter similar to that of the oxygen microelectrodes and were used and calibrated as reported elsewhere (Kühl et al. 1998 , Corzo et al. 2005a . Total sulphide (H 2 S) was calculated from dissolved sulphide and pH (Kühl et al. 1998) . Oxygen and sulphide microlectrodes were connected to a highsensitivity picoammeter (Unisense PA2000), and the pH microlectrode was connected to a high-impedance mV-meter (Meterlab). The signals from the picoammeter and the mV-meter were registered by a strip chart recorder. Microelectrodes were mounted in a mechanical micromanipulator (Unisense) and were driven down into the sediment or the macroalgal mat with a step resolution of 100 µm.
Oxygen fluxes across the sediment -water interface, net production (P n ) and dark respiration (R d ) were calculated from the oxygen profiles in the light and in the dark, respectively, using the equation of Fick's first law of diffusion according to Revsbech & Jørgensen (1983 (May 2003) . Vertical profiles of gross photosynthesis rate (P g ) were measured by the light -dark shift technique and integrated over depth to produce areal rates (Revsbech & Jør-gensen 1983 , Glud et al. 1992 .
Carbon and nitrogen contents. Total carbon (C) and total nitrogen (N) contents of the sediment and of the macroalgal canopy were measured using an elemental analyser (LECO CHNS 932). Three replicate sediment cores (i.d. = 1.6 cm) were sliced in 2 layers, 0 to 2.5 and 2.5 to 5 mm. The slices were dried (60°C), homogenised and stored frozen at -20°C until their analysis. Subsamples of the macroalgae collected for the determination of macroalgal biomass were used to determine tissue content of C and N (Corzo & Niell 1991) .
To ease the comparison of the impact of macroalgae on C and N contents and the C:N ratio of the sediment, we normalised these variables as follows: (1) where the impact of macroalgae on any X parameter (I X ) has been calculated as the difference between the value of X in the macroalgal covered sediment (X M ) and its value in the control sediment (X C ), normalised to the last value.
Statistical analysis. Differences between variables due to the presence/absence of macroalgae or due to seasonal changes were tested by 1-way analysis of variance (ANOVA). Comparisons of 2 means were done using Student's t-test. Statistical analyses were performed using the software Statgraphics Plus 5.1. All means are given with ± SD, unless stated otherwise.
RESULTS

Macroalgal biomass
Macroalgal biomass (annual mean: 188.3 ± 97.35 g DW m -2 ), consisting mainly of tubular Ulva spp., changed seasonally, with minimum and maximum values observed in winter and summer, respectively ( Fig. 2A ). Annual biomass changes were linearly correlated to changes in temperature (r 2 = 0.659, p < 0.05), but were not correlated to changes in the concentration of nutrients in the water column (p > 0.05). Inorganic nutrient concentrations were low during the annual cycle, always < 7 µM. Nitrate, nitrite and ammonium peaked in winter (Fig. 2B ).
Carbon and nitrogen contents of macroalgae increased during the studied period, but the increase in N was higher, since the C:N ratio decreased during the spring of 2003 (Fig. 3A) . Macroalgae mainly stored inorganic nitrogen, in the form of nitrate, during autumn, up to 108.7 ± 28.3 µmol g -1 DW (Fig. 3B ). Minimum contents of inorganic nitrogen were observed in summer.
Oxygen concentration and net metabolism at the sediment -water interface
The intertidal microbenthos was photosynthetically active in all 4 seasons in the control enclosures, which was shown by the difference in oxygen distribution at the sediment -water interface in the light and in the dark (Figs. 4 & 5) . Oxygen penetration depth in the dark was 0.56 ± 0.16 mm, while in the light it reached 2.48 ± 0.45 mm (Table 1 ). This community was net autotrophic in every season, since P n was always positive (Fig. 6 ). P g ranged between 8.6 ± 6.3 and 24.3 ± 4.8 mmol O 2 m -2 h -1
. Minimum P g and P n rates were observed in autumn, and maximum values were observed in spring; however, the differences among seasons were not statistically significant (p > 0.05, ANOVA). Similarly, seasonal changes in R d were not significant (p > 0.05, ANOVA); the annual mean was 2.5 ± 0.9 mmol O 2 m -2 h -1 (Fig. 6 , Table 1 ). The presence of macroalgae increased the extension and complexity of the benthic-pelagic interface, as compared with bare sediment, leading to irregularly shaped oxygen profiles in the light and the dark (Figs. 4 & 5) . Macroalgae were always photosynthetically active, since the differences between the O 2 profiles in the light and in the dark were evident during all seasons (Figs. 4 & 5) . Gross photosynthesis rates changed seasonally from 21.4 ± 11.7 to 59.4 ± 22.7 mmol O 2 m -2 h -1 , with maximum rates observed in February (Fig. 6A ). Average gross primary production increased significantly from 18.7 ± 8.4 in bare sediment to 32.9 ± 19.4 mmol O 2 m -2 h -1 with macroalgae (p < 0.03, t-test). P n and R d of the macroalgal mat were lower than the values for the same parameters measured for the microbenthos in bare sediment (Table 1) . However, as we will discuss later, we believe that P n and R d might be severely underestimated when calculated from the oxygen gradient at the diffusive boundary layer (DBL) between the mat and the water column.
Macroalgae fully suppressed the photosynthetic activity of microbenthos in all seasons; therefore, net metabolism of the microbenthic community shifted to heterotrophic (Figs. 4 & 5,  Table 1 ). In addition, the effect of macroalgae on the oxygen exchange at the sediment -water interface depended on light availability. During the dark period, oxygen was fully ex- hausted inside the macroalgal mat in about 30% of the measured profiles (mainly in July 2002), demonstrating that anoxic conditions can develop daily within the mat even at moderate biomass (Fig. 5) . Macroalgae considerably reduced R d at the sediment -water interface in the dark (p < 0.01, t-test). However, the decrease in the oxygen penetration depth was not significant with respect to the control (Table 1 ). In the light, the concentration of O 2 within the mat and close to the sediment surface was frequently equal to or higher than the concentration in the bulk water, due to the photosynthetic activity of the macroalgae. Therefore, macroalgae inhibited the P g of microphytobenthos, but increased the aerobic respiration of the sediment, producing a negative net production similar to that found in bare sediments in the dark (-2.6 ± 1.9 mmol O 2 m -2 h -1
; Fig. 6B , Table 1 ). Under these conditions, macroalgae reduced the oxygen penetration depth in the sediment to 0.96 ± 0.54 mm in the light (p < 0.01, t-test; Table 1 , Fig. 5 ).
Sulphide was never detected in the control enclosures, although it was found in the sediment below the macroalgal mat in some samples (Fig. 4) . In these cases, the sulphide concentration was higher in the dark than in the light.
C and N contents of the sediment
The total carbon content of sediment decreased significantly with depth (p < 0.01, ANOVA), but no significant differences were observed for total nitrogen or the C:N ratio between depths (Fig. 7) . The presence of the macroalgae significantly increased the mean annual C and N contents of the sediment (p < 0.01, ANOVA). However, the increase in N was higher, leading to a significant decrease in the C:N ratio (p < 0.01, ANOVA).
The effect of macroalgae on the C and N contents and the C:N ratio of the sediment changed seasonally (p < 0.01, ANOVA). The effect of macroalgae on C was positive during all seasons, except for spring, at which time the microbenthos in absence of macroalgae contained more C than under the macroalgal canopy (Fig. 8) . A similar response was observed for the N content in the upper 2.5 mm, although it increased less than C (Fig. 8) .
Accumulation of inorganic nutrients in the sediment
Concentrations of freeze-lysable inorganic nutrients in the bare sediment changed considerably during the year (Fig. 9A-D) . Maximum concentrations in the upper 1 mm of bare sediment were observed in summer and autumn. The general pattern reflected maximum concentrations at the sediment surface and a steep decrease with depth in the upper 2 mm, both in bare sediment and in the presence of macroalgae. Ammonium was the dominant species of inorganic nitrogen in the upper millimetres of bare sediment, it ranged between 319 and 1209 µM. The nitrate concentration changed from 18 to 84 µM, and the nitrite concentration, from 2 to 7 µM. Phosphate ranged from 34 to 118 µM. Macroalgae increased the content of inorganic nutrients in the sediment. The effect of macroalgae on every inorganic 
Bare sediment 18.7 ± 8.4 11.0 ± 4.4 2.5 ± 0.9 0.6 ± 0.2 2.5 ± 0.4 Covered sediment 0 -2.6 ± 1.9 0.3 ± 0.3 0.5 ± 0.5 1.0 ± 0.5 Macroalgae 32.9 ± 19.3 3.9 ± 2.6 1.1 ± 0.7 -- Table 1 . Rates of gross primary production (P g ), net production (P n ) and dark respiration (R d ) of the macroalgal canopy and microbenthos inhabiting bare sediment and sediment covered with macroalgae. Data were obtained from oxygen microelectrode measurements during the annual cycle (expressed as mmol O 2 m -2 h -1 ± SD; n = 10 to 16). The oxygen penetration depths (mm) within the sediment in the dark and in the light are also presented. Note that P g is not equal to P n + R d , because the respiration rate in the light is much higher than R d . -: not applicable nutrient was quantified as the difference between the concentration in the sediment covered with macroalgae and the concentration in the bare sediment for every depth and season ( Fig. 9E-H) . The effect of macroalgae decreased with depth; the maximum differences were observed in the upper 2 mm of sediment for nitrate and phosphate during summer and autumn. Particularly, very large nitrate concentrations were observed in autumn. Macroalgae had major effects on the ammonium and nitrite values measured in summer and autumn as well. However, maximum differences were observed below the sediment surface, at a depth of 2 to 3 mm for ammonium and 5 to 6 mm for nitrite (Fig. 9) .
DISCUSSION
Limitations of the experimental design
The experimental design includes (1) an unreplicated experiment for each season, since only a control and 1 set of treatment enclosures were used for each season due to logistic limitations, and (2) a replicated experiment on an annual scale because the same experiment was independently repeated 4 times during the year in randomly selected plots at our study site. Therefore, inferential statistics can legitimately be applied to annually averaged data, but not to the seasonal trends. Statistics were used in the latter case only to better describe the differences between both enclosures and to take into account the spatial heterogeneity within each enclosure.
Biomass and chemical composition of macroalgae
Seasonal variability in standing stocks, growth rate and chemical composition of macroalgal biomass has been extensively studied (Valiela et al. 1997 ). In our study, macroalgal biomass was in the low range of reported values for coastal environments, where the so-called 'green tides' frequently reach < 500 g DW m -2 (Valiela et al. 1997 ). In the Sancti Petri Channel, the low macroalgal biomass seems to be in correspondence with low concentrations of inorganic nutrients in the water column (Fig. 2) . The chemical composition of this biomass changed seasonally (Fig. 3) . Maximum tissue contents of C and N were measured in spring. During this season, the C:N ratio was at its lowest, suggesting more active growth. However, maximum contents of inorganic N were found at the end of autumn, when macroalgal biomass was lowest. The decrease in C:N during spring was coincident with an increase in biomass after the winter and a decrease of stored inorganic nitrogen. Growth during this phase might have been partially supported by stored N, since dissolved inorganic nitrogen in the water column was low during spring (Pedersen & Borum 1996) . In addition, rapid uptake of inorganic nitrogen mineralised in the sediment has been shown to support the growth of macroalgal blooms (Sundbäck et al. 2003) .
Oxygen concentration and net metabolism at the sediment -water interface
The intertidal bare sediments of the Sancti Petri Channel were inhabited by a net autotrophic microbenthic community in every season (Fig. 6B) . Metabolic rates of microbenthos (P g , P n and R d ) were in accordance with previous studies including different techniques (Revsbech et al. 1981 , MacIntyre et al. 1996 . Maximum P n and P g rates were measured in spring, although the seasonal differences were not statistically significant, probably due to the high spatial heterogeneity of the sediment.
The macroalgal mat on the sediment increased the complexity and heterogeneity of the benthic-pelagic interface with respect to bare sediment, leading to irregularly shaped oxygen profiles due to (1) microscale spatial differences in the physiological state of macroalgae, which could lead to local differences in gross photosynthesis and respiration rates within the mat, and (2) the existence of channels and voids within the macroalgal mat allowing the advective transport of oxygen with the water flow. This was evident in many of our profiles, where we observed microzones within the mat in which O 2 concentration was constant with depth. These channels were sometimes detected between 2 consecutive macroalgal fronds or between the macroalgal mat and the sediment surface. Very little is known about how water flow through the macroalgal mats in nature might affect its net metabolism and nutrient exchange with the water column (Krause-Jensen et al. 1999) . Changes in the water turbulence and the physical structure (e.g. thickness, compactness) of the mat are likely to change the relative contributions of molecular diffusion and advective transport (Krause-Jensen et al. 1999 , Dalsgaard 2003 . This has methodological implications: the calculation of P n and R d from the microelectrode profiles at the DBL between the macroalgal mat and the water column would seriously underestimate the real rates, since the mass transfer between the mat and the water column does not occur exclusively by molecular diffusion. The methodological limitations could be similar to those applying to permeable sediments (Huettel & Webster 2001) . However, the application of the light -dark shift technique to measure P g within the macroalgal mat is likely to be less problematic. Our results were only about 40% lower than those mea- Means ± SD (error bars) are shown (n = 3) sured using benthic chambers, where it is assumed that respiration rates in the light and in the dark are the same (Hubas & Davoult 2006) . Moreover, the use of microelectrodes allowed us to show the microheterogeneity in the photosynthesis and respiration rates within the macroalgal mat (Fig. 4) . Macroalgae suppressed microphytobenthic photosynthesis likely by shading, changing the net metabolism of microbenthos from net autotrophic to fully heterotrophic. Under these conditions, macroalgae became the photoautotrophic component of the benthic community. Gross primary production almost doubled in the presence of macroalgae. Similar results have been obtained by others with different experimental approaches. Macroalgae increased P g 2-to 7-fold with respect to bare sediment in a field study with benthic chambers (Hubas & Davoult 2006) , 4-to 12-fold in a laboratory study using a flow chamber (Dalsgaard 2003) and 4-to 7-fold in outdoor microcosm incubations (McGlathery et al. 2001) . Although macroalgae increased P g , both P n and R d were much lower than in bare sediment. But even assuming the underestimation of P n , the macroalgal mat was always net autotrophic, since P n was always positive in our study. On the contrary, Hubas & Davoult (2006) found that macroalgal mat P n was always higher than that of bare sediment, except in summer. In this season, benthic community respiration was highest, while P g of macroalgae was lowest, leading to a heterotrophic P:R ratio (Hubas & Davoult 2006) . However, in our study, P n of the macroalgal mat was always positive, suggesting that our database does not include the senescence phase of the macroalgal bloom, where respiratory activity by the macroalgae themselves and the associated biota must be higher than photosynthetic O 2 production. Nevertheless, even in healthy macroalgae, our data demonstrate on a microscale the existence of a diel cycle in O 2 concentration and a considerable degree of microheterogeneity within the macroalgal mat. When macroalgae approach the senescence phase and the P :R ratio decreases, the frequency and extension of hypoxic or anoxic microzones within the mat would increase. It has been suggested that hypoxic or anoxic conditions, created inside the mat during the night or below the mat's photic layer, might trigger the collapse of a bloom (Valiela et al. 1997 , Nedergaard et al. 2002 .
In the presence of macroalgae, the aerobic respiration rate (R d ) in the sediment was lower than that in the bare sediment (Fig. 6B, Table 1 ). This is explained by a decrease in O 2 availability below the macroalgae, caused by a combination of several processes: inhibition of photosynthetic activity of the microphytobenthos, reduced mean water velocity below the macroalgae, the aerobic respiration of the macroalgae in the dark and an increase of organic matter input into the sediment. These effects would favour an increase in anaerobic processes like sulphate reduction. We detected H 2 S in the sediment below the macroalgal mat, while it was not found in the control enclosures (Fig. 4) . The balance between photosynthesis and respiration rates in the macroalgal canopy was a determinant for the O 2 balance in the sediment. In the light, the photosynthetic O 2 production by healthy macroalgae largely exceeded their own respiration, being an important source of oxygen for the sediment microbial community. This photosynthetic supply of oxygen alleviated its limiting effect upon the sediment aerobic respiration rate, increased the O 2 penetration in the sediment and reduced the H 2 S concentration within the sediment in the light (Figs. 4 & 6B , Table 1 ). However, we never detected H 2 S inside the macroalgal canopy (Nedergaard et al. 2002 , Lomstein et al. 2006 , likely because the macroalgal biomass was relatively low and it was net autotrophic during all seasons.
C and N contents of the sediment
Macroalgae significantly increased the mean annual contents of C and N of the sediment. However, the C:N ratio decreased due to a relatively higher increase in nitrogen. Similar results were observed during a 3 yr study in the Swedish Skagerrak, but differences in C and N contents between sediment covered by algal mats and bare sediment were larger than in our study (Pihl et al. 1999) . These increases in C and N below the macroalgal mat were likely to be the result of macroalgal production itself. Ephemeral green macroalgae are highly productive, and a substantial fraction of their production can be incorporated into the sediment (Owens & Stewart 1983) .
The input of organic matter into the sediment under the macroalgal mat is likely to be higher than that in bare sediments, and, in addition, its degradation rate might be lower. The presence of macroalgae might alter the decomposition rate of organic matter within the sediment, since they reduce the oxygen availability in, and the oxygen penetration depth into, the sediment, decreasing the fraction of organic matter being aerobically mineralised. Although controversial, the anaerobic decomposition of organic matter has been shown to be less efficient and to occur at a lower rate than aerobic decomposition, leading to a higher degree of organic carbon preservation within anoxic sediments (Hartnett et al. 1998) . Furthermore, it is likely that differences in the stoichiometric C:N ratio between macroalgae and microphytobenthos also play a role in the observed increase of C and N contents of the sediment below the macroalgal mat. The annual mean C:N stoichiometric ratio of the macroalgal biomass was about 9.5, but higher values have frequently been reported for green macroalgae (Corzo & Niell 1991 , Duarte 1992 . In general, degradability of organic matter is inversely related to its C:N ratio, and therefore macroalgal detritus is more refractory than that of microphytobenthos (Enríquez et al. 1993) .
The effect of macroalgae on the C and N contents and the C:N ratio of the sediment changed seasonally (Fig. 8) . In spring, the content of C and N in bare sediment was higher than below the macroalgal mat, likely due to a higher microphytobenthos biomass. The chlorophyll a concentration was higher in bare sediment than below the mat in spring (results not shown). In this season, microphytobenthos P n was at its highest as well (Fig. 6B ). In addition, macroalgae might remove C and N from the sediment with respect to the control, using CO 2 and other inorganic nutrients (e.g. N, P) released from the sediment during the mineralisation of organic matter. It has been suggested that in this way the production of ephemeral green macroalgae could be self-regenerating (Lavery & McComb 1991 , Sundbäck et al. 2003 .
Accumulation of inorganic nutrients in the sediment
The freeze-lysable inorganic nutrient fraction measured in the sediment contains both the nutrients dissolved in the pore water and the intracellular nutrients released due to cell breakage (Lomstein et al. 1990 , Sayama 2001 , Ferguson et al. 2004 ). The intracellular pool has been shown to represent most of the freezelysable fraction in the upper layer of the sediment (0 to 2 mm), declining sharply with depth (Lomstein et al. 1990 , Sayama 2001 . The nutrient profiles measured in our study seem to agree with this pattern. In bare sediments, most of the freeze-lysable fraction of inorganic nutrients probably originated from microphytobenthic cells (Lomstein et al. 1990) .
Macroalgae clearly increased the concentration of inorganic nutrients in the upper layer of the sediment (Fig. 9) . In this case, an important contribution of microphytobenthos to the freeze-lysable fraction below the macroalgal mat is unlikely, since we showed that photosynthetic activity in the sediment below the macroalgae was inhibited. In addition, we observed a decrease in the abundance of microphytobenthos below the macroalgal mat during the same study (Corzo et al. 2005b) . Intracellular inorganic nutrients of heterotrophic bacteria might contribute to the freezelysable fraction of sediments as well. However, most bacteria lack vacuoles and, therefore, are unable to store inorganic nutrients in large amounts. Only in sediment with abundant nitrate-accumulating sulphur bacteria, like Beggiatoa spp., which are able to store large amounts of nitrate in their vacuoles, has the intracellular pool been shown to be an important fraction of the freeze-lysable nitrate (Sayama 2001) .
Green macroalgae are known to store large amounts of nitrate, ammonium and phosphate in their vacuoles (Corzo & Niell 1992) . Therefore, macroalgae might represent a source of inorganic nutrients for the sediment ( . The steep decline in sediment nutrient concentrations with depth clearly indicated that they were being incorporated into the sediment at the surface. The increase in inorganic nutrients was, in general, an order of magnitude lower than what would have been expected from the intracellular contents of macroalgae and their biomass (Table 2) . A notable exception was the exceptionally high nitrate concentrations measured in the sediment in autumn. These high nitrate concentrations were likely to have been caused by a very recent input of macroalgal detritus to the sediment. Decomposition of macroalgal detritus induced a quick and transient increase in nitrate in the sediment during a microcosm experiment (Garcia-Robledo et al. 2008) . The mass transfer from macroalgae to the sediment is expected to change with the physiological status of macroalgae. During the senescent phase, the collapse of the bloom is likely to transfer, in a short period of time, large amounts of C, N and P to the sediment in the form of macroalgal debris (Garcia-Robledo et al. 2008) . Healthy macroalgal mats might sustain a certain flux of debris to the sediment as well. The incorporation of this macroalgal debris, containing inorganic nutrients, to the sediment surface could explain the large amounts of freeze-lysable inorganic nitrogen and phosphate measured in the sediment below macroalgal mats. Likely, this explains the observed increases in total C and N as well.
The mineralisation of the bloom detritus and the growth of macroalgae could be closely connected due to the reutilization of released inorganic nutrients, as shown in the conceptual model presented in Fig. 10 . During the first phase of degradation in the water column or at the sediment surface, soluble inorganic nutrients can be quickly released to the water column (Garcia-Robledo et al. 2008) . In nature, intracellular nutrients directly released from decaying macroalgal debris to the water column could sustain the growth of the healthy macroalgae involved in the bloom. The degradation of particulate macroalgal detritus, once settled in the sediment, releases inorganic nutrients from the particulate fraction, increasing their concentration in the pore water. This increase induced a net nutrient efflux to the water column in the presence of decaying macroalgal detritus (Garcia-Robledo et al. 2008) . A large fraction of remineralised nutrients in the sediment would be released to the water column when the microphytobenthos photosynthesis and growth is limited (Lorenzen et al. 1998 , Dalsgaard 2003 , GarciaRobledo et al. 2008 . The increase of inorganic nitrogen in the pore water and the simultaneous inhibition of microphytobenthos demand, besides enhancing the efflux of inorganic nitrogen to the water column, might affect other microbial activities in the sediment, like nitrification and denitrification (Strauss & Lamberti ), and the increase in nutrient contents in the first millimetre of sediment below the macroalgal mat (mmol m -2 ). The contents of inorganic nutrients in the macroalgae per unit surface area were calculated from the seasonal intracellular nutrient content and biomass. The increases in inorganic nutrients in the first millimetre of sediment in the presence of macroalgae were calculated from the increases in nutrients in the pore water (macroalga-control; Fig. 9 ), taking into account a mean water content in the sediment of 60% (765 ml pore water in a sediment layer of 1 m 2 area and 1 mm thickness)
2000, Sundbäck & Miles 2002 , Dalsgaard 2003 , Risgaard-Petersen 2003 . Oxygen availability and oxygen penetration depth might determine what fraction of mineralised inorganic nitrogen within the sediment will be released to the water column and what fraction will be used for nitrification and denitrification. At least part of the nutrients that are released to the water column would be incorporated again by actively growing macroalgae, contributing to the self-regeneration of the bloom. This could be one of the mechanisms by which macroalgae are able to form dense blooms. What fraction of the inorganic N and P released from the sediment is captured by the macroalgae to sustain their growth? This is a difficult question to answer, since it will depend on the physiological state of macroalgae, the hydrodynamic conditions in situ and the proximity of macroalgae to the sediment surface, which changes with the tidal cycle. Sundbäck et al. (2003) estimated that the benthic efflux of regenerated inorganic nutrients could supply up to 55-100% of the nitrogen demand of macroalgae and up to 30-70% of the phosphorus demand. 
